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Abstract: We present a realistic, simple and natural model of strongly-interacting dark
matter based on the neutrino-portal paradigm. The strong interactions at small velocities
are generated by the exchange of dark photons, and produce the observed core-like DM
distribution in galactic centers; this effect could be spoiled by the formation of DM bound
states (also due to dark-photon effects), which we avoid by requiring the DM candidates to be
light, with masses below O(10 GeV). The mixing of the dark photon with the Z and ordinary
photon is strongly suppressed by introducing a softly-broken discrete symmetry similar to
charge conjugation, which also ensures that the dark photon life-time is short enough to
avoid restrictions derived form big-bang nucleosynthesis and large-scale structure formation.
Other constraints are accommodated without the need of fine tuning, in particular nucleon
scattering occurs only at one loop, so direct detection cross sections are naturally suppressed.
Neutrino masses are generated through the inverse see saw.
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1 Introduction
The nature of dark matter (DM) remains one of the most perplexing problems in modern
particle and astroparticle physics. Current evidence for the existence of massive particles
that interact weakly with the Standard Model (SM) is entirely gravitational [1–5], and ev-
ery attempt at direct [6–12], indirect [13–23] or collider [24–26] detection has only led to
increasingly stronger constraints on models. In addition, estimations of the DM distribu-
tion in dwarf galaxies indicate that the DM density at the core does not exhibit a spike, as
would be expected if it behaved as an ideal gas. This “core vs. cusp” problem [27–30] can
be alleviated [31, 32] by including self-interactions within the dark sector; such interactions
must be relatively strong and velocity-dependent. Models of this type are often referred to
as strongly-interacting dark matter (SIDM) models.
In this paper we will discuss a simple SIDM model that meets all available constraints
without fine tuning of parameters. The model is an extension of one discussed earlier [33, 34],
based on the neutrino-portal paradigm [33–48] where the dark sector couples to the SM via
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(Dirac) fermion mediators that mix with the SM neutrinos. The dark sector contains two
quasi-degenerate fermions, which constitute the relic density, and a scalar, more massive
than the fermions. Interactions within the dark sector are mediated by a dark photon, whose
mixing with the ordinary photon is (again, naturally) strongly suppressed, since it occurs
at three loops; the main decay mode of the dark photon is into neutrinos, and appears at
one loop, so the dark photon is relatively long-lived. Of special interest is that the DM self-
interactions are useful in suppressing a possible cusp in the DM galactic distribution only
when the DM mass is light, below O(10) GeV.
The paper is organized as follows: in the next section we describe our model [33] concen-
trating on the interactions within the dark sector; detailed discussion of the other aspects can
be found in the original paper. In sections 3, 4 and 5 we discuss the electroweak, relic abun-
dance and direct-detection constraints respectively. Section 6 contains results from numerical
simulations, and we present our conclusions in section 7.
2 The Model
As noted above, we will study an extension of the neutrino portal dark matter model discussed
in [33], where we add self-interactions to the dark sector, and double the number of fermions
(the justification for this is provided below). The dark sector then contains two fermions Ψ±
with masses m±, and one complex scalar Φ with mass mΦ > m±; the fermions correspond to
the DM. The dark sector is connected to the Standard Model through a set of three (Dirac)
neutral fermionic mediators F with interactions of the form Ψ¯ΦF and 1 l¯F φ˜.
We generate interactions within the dark sector by assuming the dark sector has a
U(1)dark gauge symmetry under which Ψ± and Φ are charged; we denote by V the corre-
sponding gauge boson, the dark photon. To implement the SIDM paradigm we will assume
the V has a non-zero mass mV that we introduce using the Stu¨ckelberg trick. The cross
sections generated by V exchange can then generate self-interactions with the velocity depen-
dence [32] required to address the core vs. cusp problem.
Models of this type contain a kinetic mixing term of the form ξVµνB
µν [49], where B is
the Standard Model hypercharge gauge field. The coupling ξ is strongly constrained by data:
ξ ≤ 10−3 [50]; we interpret this as an indication that the model should contain a symmetry
that forbids this interaction and which is either exact or softly broken. For this reason we
impose a dark Z2 symmetry (dark charge conjugation – DCC) under which V is odd and all
SM particles are even: the dark scalar has the expected Φ→ Φ∗ behavior, while {Ψ+, Ψ−},
form a dark-charge doublet, exchanged under DCC:
DCC: Ψ+ ↔ Ψ− , Φ↔ Φ∗ , V ↔ −V . (2.1)
The DCC symmetry requires that Ψ+ and Ψ− have the same mass and couplings; and it also
implies that a sufficiently light V will be stable, which is phenomenologically troublesome.
1l denotes the Standard Model left-handed lepton isodoublet, φ the Higgs isodoublet and φ˜ = iσ2φ
∗, with
σ2 the usual Pauli matrix; l and F carry a family index that we suppress.
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For this last reason we will assume that DCC is softly broken by assuming the Ψ± masses are
split (this is the only way to achieve this soft braking with the particle content we assume).
The Lagrangian for this model is then given by
L =Ψ¯+(i /D+ −m+)Ψ+ + Ψ¯−(i /D− −m−)Ψ− + |DΦ|2
− 1
2
m2Φ|Φ|2 −
1
4
λ|Φ|4 − 1
4
VµνV
µν +
1
2
m2V
(
Vµ − 1
mV
∂µσ
)2
+ F¯(i/∂ −mF )F
−
[
l¯Y (ν)F φ˜+ H.c.
]
− [(Ψ¯+Φ + Ψ¯−Φ∗) (zF) + H.c.]− λx|Φ|2|φ|2 , (2.2)
where, as noted above, l is the SM left-handed lepton isodoublet and φ the SM isodoublet;
also
Dα± = ∂
α ± igV α (2.3)
is the covariant derivative, and
m± = mΨ ± µ , (2.4)
where µ, the fermion mass splitting, parameterizes the soft breaking of DCC; σ is the auxiliary
field used in the Stu¨ckelberg trick (the unitary gauge corresponds to σ = 0). Finally, we
assume three F fields 2, hence mF and Y (ν) are 3 × 3 mass and Yukawa coupling matrices,
respectively, and z is a 3× 1 vector.
Compared to the earlier version, this model has 3 additional parameters: µ, g and mV.
We will see (cf. Sect. 2.2), however, that the constraints on the DM self-interactions are
sufficient to fix mV and g as functions of mΨ, so that, in fact only one additional free parameter
is introduced.
Once the Standard Model symmetry is broken the neutrinos νL (contained in l) will mix
with the F ; we will denote the mass eigenstates as nL, left-handed and massless, and N , with
a mass of order mF . To reduce the number of parameters we will assume for simplicity that
the N are degenerate, with mass mN. In this case the gauge and mass eigenstates are related
by
F = CNL + SnL +NR ;
ν = V †PMNS (CnL − SNL) , (2.5)
where VPMNS is the usual PMNS matrix, and S and C are diagonal 3× 3 mixing matrices that
obey
S2 + C2 = 1 . (2.6)
In terms of these quantities
mF = mNC , Y (ν) =
√
2
mN
vH
V †PMNSS , (2.7)
2We have suppressed all family indices.
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where vH denotes the Higgs vacuum expectation value.
As a last simplification we will assume that the z Yukawa couplings are real; in this case
the model has 11 parameters: {mN, mΨ, mΦ, µ}(4), {z, S, λx}(7).
The various interaction terms involving the nL and N take the form
Z couplings: − g
2cW
[
n¯LC2 /ZnL + N¯LS2 /ZNL +
(
n¯LCS /ZNL + H.c.
)]
.
W couplings: − g√
2
[
e¯ /WV †PMNSCnL − e¯ /WV †PMNSSNL + H.c.
]
.
Yukawa couplings: +
mN
vH
H
[
N¯RSCnL − N¯RS2NL + H.c
]
.
DM couplings: +
[
Ψ¯±ΦzSnL + Ψ¯±Φz(CPL + PR)N + H.c
]
+ λx|φ|2|Φ|2 . (2.8)
We identify the nL with the observed neutrinos, however, these are massless, as noted
above – but this can be easily remedied by introducing a small Majorana mass term for the
F : F¯MMajFc + H.c. The effect is to slightly break the degeneracy of the N and to give a
Majorana mass to the nL, whose form is the same as the one obtained in the inverse see-saw
scheme [51–53]. The MMaj term represent a soft and explicit breaking of lepton number, so the
smallness of the neutrino masses is (technically) natural; since this mass matrix is arbitrary,
it can be used to generate the observed masses and mixing angles in the neutrino sector.
As a matter of notation we find it convenient to define
rij =
(
mi
mj
)2
, (2.9)
so that rNZ = (mN/mZ)
2, etc.
Ψ
N/n
Φ
Ψ¯
Z
N/n
Ψ
N/n
φΦ
Ψ¯ N/n
Ψ
N
Φ φ
Φ
φ
Ψ¯
Figure 1. Loop graphs generating the ΨΨZ and ΨΨH couplings.
2.1 Loop-induced couplings
The above model has no tree-level couplings of the DM (Ψ) to the Z and H bosons. These
couplings are generated at 1 loop by the graphs in Fig. 1. Assuming zero external momenta
a straightforward calculation gives [33]
LDM−Z = − g
2cW
Ψ¯± /Z (LPL + RPR) Ψ± ;
LDM−H = HΨ¯±Ψ±H , (2.10)
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where (see eq. (2.9))
R = −(zS
2C2zT )
32pi2
1− rΦN + ln rΦN
(1− rΦN)2 ;
L =
(zS2zT )
16pi2
1− rΦN + rΦN ln rΦN
(1− rΦN)2 ;
H = − 1
8pi2
mN
vH
{
(zS2CzT )1− rΦN + rΦN ln rΦN
(rΦN − 1)2 +
1
2
λx
v2H
m2N
(zCzT )1− rΦN + ln rΦN
(rΦN − 1)2
}
. (2.11)
2.2 DM self-interactions:
The strong-interactions of the SIDM paradigm are generated in this model by Ψ scattering
mediated by V exchange. There are two such reactions: Ψ±Ψ± → Ψ±Ψ± and Ψ+Ψ− →
Ψ+Ψ−, with cross section σr and σa, respectively (the first is the same as Mo¨ller scattering
with a massive photon). The calculation is straightforward, using
βΨ =
√
1− 4m
2
Ψ
s
, (2.12)
and neglecting the DM mass difference, we find
σr
mΨ
=
g4
4pismΨ
{
(2s+ 3m2V)sβ
2
Ψ + 2(m
2
V + 2m
2
Ψ)
2
2m2V(m
2
V + sβ
2
Ψ)
− (sβ
2
Ψ + 2m
2
V)(3m
2
V + 4m
2
Ψ) + 2(m
2
V + 2m
2
Ψ)
2 − 4m4Ψ
sβ2Ψ
(
2m2V + sβ
2
Ψ
) ln(1 + sβ2Ψ
m2V
)}
;
σa
mΨ
=
g4
4pismΨ
{
(2s+ 3m2V)sβ
2
Ψ + 2(m
2
V + 2m
2
Ψ)
2
2m2V
(
m2V + sβ
2
Ψ
) − (m2V + s)
sβ2Ψ
ln
(
1 +
sβ2Ψ
m2V
)}
. (2.13)
These cross sections are enhanced when mΨ  mV and the relative velocity βΨ is small; in
this regime the V interactions generate the required strong interactions.
Since Ψ+ and Ψ− have but a small mass difference, and have identical couplings, they
will have the same relic abundance density n. In this case the effective DM-DM cross section
will be (σr + σa)/2. To see this, note that a Ψ+ moving with speed v; in a time δt it will
have nσ++vδt interactions with other Ψ+, and nσ+−vδt interactions with the Ψ−; the total
number of interactions will be then (using n = nDM/2),
nDM
2
(σr + σa) vδt = nDMσeffvδt ⇒ σeff = σr + σa
2
. (2.14)
Note that σeff depends on the relative velocity v.
Existing data constraints the SIDM cross section for galaxy clusters and for dwarf and
low-surface-brightness galaxies; since the typical velocity in each environment is different, the
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cross section must have an appropriate velocity-dependence. The central values of the cross
sections and velocities are [54]
σeff
mΨ
∣∣∣∣
galaxy
= 1.9
cm2
gr
,
σeff
mΨ
∣∣∣∣
cluster
= 0.1
cm2
gr
; βΨ|galaxy = 3.3× 10−4 , βΨ|cluster = 5.4× 10−3 .
(2.15)
Fitting eqs. (2.13) and (2.14) we find 3
mV =
mΨ
443
, g =
( mΨ
64 GeV
)3/4
. (2.16)
These expressions have significant errors; using [54] we estimate
443→ (116, 1557) , 64 GeV→ (17, 225) GeV . (2.17)
In our numerical calculations we will be conservative and assume that these are uncertain by
up to a factor of 3 (e.g., the first ranges from 443/3 to 3 ∗ 443).
The DCC symmetry, despite being softly broken, is very effective in limiting the number
of couplings of the V that can have any phenomenological significance. For example, V − Z
and V − γ mixings occur only at 2 and 3 loops, respectively, and can be ignored. The only
interesting 1-loop vertex is considered in the next section.
2.3 Decay of the V
In the absence of the DCC breaking term ∝ µ in eq. (2.2), the massive dark photon V is
stable, which presents something of a problem: once it decouples from the Ψ, its abundance
would be fixed., and since it is also light [cf. eq. (2.16)] 4, its presence would make the model
inconsistent with big-bang nucleosynthesis (BBN) [55] and large scale structure formation
(LSS) [56] constraints. This is avoided when µ 6= 0, that is, when the Ψ± mass degeneracy is
broken.
nL
Ψ¯
n¯L
Ψ
V
Φ
Figure 2. Graphs responsible for a non-zero decay width for the V .
In this case, the graphs in Fig. 2 give
Γ(V → n¯LnL) = mV
6pi
{
g
16pi2
[
f
(
m+
mΦ
)
− f
(
m−
mΦ
)]}2 (
zS2z†
)2
, (2.18)
3These relations imply mVg
−4/3 = 0.144 GeV, whose significance is unclear.
4We will see later that mΨ < O(10GeV), whence mV will be in the keV range.
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where we assumed mΨ  mV, µ, and defined
f(x) =
1
4
(
x2 + 1
x2 − 1
)
−
(
x2
x2 − 1
)2
ln x . (2.19)
As before, m± = mΨ ± µ denote the mass of Ψ+ and Ψ−, respectively. The BBN and LSS
constraints on this decay width are relatively mild: 1/Γ(V → n¯LnL) < 1s, which we adopt in
the numerical calculations.
2.4 Bound States
The inclusion of a strong interaction between DM particles opens up the possibility that the
Ψ+ and Ψ−, having opposite charges, will form bound states. If this were to happen the
strong interactions would be screened and the cusp problem would reappear. To avoid this
we now consider the conditions for such bound states not to form.
In the non-relativistic limit, the V exchange generates an attractive Yukawa potential
between the Ψ+ and Ψ−:
VNR = g
2
4pi
e−mVr
r
. (2.20)
If a bound state is formed then its typical size is determined by the range of the potential, ∼
1/mV; it follows that the typical kinetic energy of the Ψ will be ∼ m2V/mΨ, while their potential
energy would be ∼ g2mV/(4pi). For the bound state to be unstable the kinetic energy must
dominate: g2mV/(4pi) . m2V/mΨ. These arguments are verified by exact calculations [57, 58]
that give
0.595
g2
4pi
<
mV
mΨ
. (2.21)
Using next the values of mV and g obtained in eq. (2.16) we find the following limit on mΨ:
mΨ < 8.4GeV , (2.22)
which is uncertain by up to a factor ∼ 6.
Though [Ψ+Ψ−] bound states are allowed for larger mΨ, this does not necessarily imply
that they will form. Formation occurs through the reactions Ψ±Ψ+ Ψ− → [Ψ+Ψ−] Ψ±, with
a virtual V exchange, or Ψ+ Ψ− → [Ψ+Ψ−] + V , with the (real or virtual) V decaying sub-
sequently to neutrinos. Calculating the rate for these reactions and determining the extent
to which they affect the cusp problem in galactic DM distributions lies outside the scope of
this paper. Here we will limit ourselves to the study of the model in the region mΨ < 10 GeV
where bound states do not occur, and which is often outside the mass range considered in
WIMP models (see, e.g. [59] and references therein). It is also worth noting that for these
low masses the “neutrino floor” background in direct detection experiments rises by about
5 orders of magnitude (cf. Fig. 6), and will will study to what extent this can conceal this
model in this region of parameter space.
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3 Electroweak constraints
In this section we summarize the constraints derived from high precision data on the invisible
decay fo the Z and the Higgs, and from W -mediated meson decays; most of the results are
the same as for an earlier simpler version of the model [33]. These effects are produced by
the mixing (upon spontaneous symmetry breaking) of the Standard Model neutrino field with
the mediators F , which alters the couplings of the light mass eigenstates nL to the W and
Z, and introduces a coupling to the H absent in the Standard Model.
3.1 Z invisible decay
The addition of singlet Dirac fermions N to the SM generate non-universal, though flavor
diagonal, neutrino (n) couplings to the Z proportional to C2. In particular, the invisible
Z → nn width will be proportional to tr(C4). The experimental value Γ(Z → inv) =
499.0 ± 1.5 MeV [60] for the invisible width of the Z then generates a stringent bound on
the parameters of the model when mZ < mN; if the Z decays involving the N are kinemati-
cally allowed, the constraints are somewhat weaker.
Given a coupling of the form ψ¯1 /Z(a+ bγ5)ψ2 we find that, if mZ > m1 +m2,
Γ(Z → ψ1ψ2) =
(|a|2 + |b|2)mZ
24pi
[
2− r1Z − r2Z − (r1Z − r2Z)2
− 6 |a|
2 − |b|2
|a|2 + |b|2
√
r1Z r2Z
]√
λ (1, r1Z, r2Z) , (3.1)
where λ(u, v, w) = u2 + v2 +w2 − 2uv − 2vw − 2wu. For the case of degenerate N this gives
Γ(Z → nn) = Γ0tr
{C4} ; Γ0 = ( g
2cW
)2 mZ
24pi
,
Γ(Z → NN) = Γ0tr
{S4} (1− rNZ)√1− 4rNZ θ(1− 4rNZ) ,
Γ(Z → Nn) = Γ0tr
{C2S2} (2 + rNZ) (1− rNZ)2 θ(1− rNZ) , (3.2)
so that the change in the invisible decay width of the Z is given by
Γ(Z → inv)
ΓSM(Z → inv) − 1 =
1
3
[
−tr{S2(1+ C2)}+ tr{S4} (1− rNZ)√1− 4rNZ θ(1− 4rNZ)
+ tr
{C2S2} (2 + rNZ) (1− rNZ)2 θ(1− rNZ)] ; (3.3)
current experimental limits [60] requires |Γ(Z → inv)/ΓSM(Z → inv)− 1| < 0.0093.
3.2 H invisible decays
A general coupling of the form ψ¯1(a+ bγ5)ψ2H gives
Γ(H → ψ1ψ2) =
(|a|2 + |b|2)mH
8pi
[
1− r1H − r2H − 2 |a|
2 − |b|2
|a|2 + |b|2
√
r1Hr2H
]√
λ(1, r1H, r2H) . (3.4)
– 8 –
Using this and eq. (2.8) we obtain
Γ(H → ΨΨ¯) = mH
2
H
8pi
(1− 4rΨH)3/2θ(1− 4rΨH) ,
Γ(H → n,N) = m
3
H
4piv2H
[
rNH(1− rNH)tr
{S2C2} θ(1− rNH) + 1
2
(1− 4rNH)3/2tr
{S4} θ(1− 4rNH)] ,
Γ(H → ΦΦ) = (vH λx)
2
16pimH
√
1− 4rΦH θ(1− 4rΦH) , . (3.5)
The first width in eq. (3.5) is negligible because of the 2H prefactor.
The total width of the H is then Γ(H) = Γ(H)SM + Γ(H → n,N) + Γ(H → ΦΦ), with
the SM contribution equal to 4 MeV [60]; given that the limit on the invisible branching ratio
is 24%, we find Γ(H → n,N) + Γ(H → ΦΦ) < 1.26 MeV. Then, for degenerate N ,
4.89× 10−4 >
∣∣∣rNH(1− rNH)tr{S2C2} θ(1− rNH)+1
2
(1− 4rNH)3/2tr
{S4} θ(1− 4rNH)
+ 1.93λ2x
√
1− 4rΦHθ(1− 4rΦH)
∣∣∣ . (3.6)
3.3 W -mediated decays
The second line in eq. (2.8) shows that charged current interactions of the leptons and the
W boson are also modified: using r, s as flavor indices, the vertex involving a charged lepton
eLr and a neutrino mass eigenstate nLs contains a factor (V
†
PMNSC)rs. This then implies (we
assume that mN > mτ )
Γ(`r → `sν¯ν) ' (1−∆r −∆s)ΓSM(`r → `sν¯ν) ; ∆r =
(
V †PMNSS2VPMNS
)
rr
> 0 , (3.7)
(no sum over r in the last expression). Note that the assumption mN > mτ precludes the
possibility of there being cancellations between the n and N contributions to these decays.
We define Ru→X = B(u→ X)/BSM(u→ X)− 1; then, for the specific decays of interest,
we find (to 3σ),
Rτ→µνν¯ ' BSM(τ → eνν¯)∆e − [1−BSM(τ → µνν¯)] ∆µ ⇒ |0.8223 ∆µ − 0.1958 ∆e| ≤ 0.0069 ,
Rτ→eνν¯ ' BSM(τ → µνν¯)∆µ − [1−BSM(τ → eνν¯)] ∆e ⇒ |0.1777 ∆µ − 0.8042 ∆e| ≤ 0.0067 ,
Rpi→µν ' BSM(pi → eν)(∆µ −∆e) ⇒ |∆µ −∆e| ≤ 0.010 . (3.8)
These constraints are summarized in Fig. 3. We note that the limit derived from pi → µe
is not competitive: |∆µ − ∆e| ≤ 48.8. Also, though the uncertainty in Γ(µ → eνν¯) is very
small, it does not lead to a constraint on ∆e + ∆µ, since this decay is used as input data to
fix the value of GF. One could use collider measurements of mW and g2 (the SU(2)L coupling
constant in the SM) to predict this width, but the uncertainty is much larger and the limits
are again not competitive.
– 9 –
Figure 3. Limits on ∆r [cf. eq. (3.7)] derived from W -mediated decays.
3.4 Muon anomalous magnetic moment.
The new NNW vertices, and the C factors for the nnW vertices in eq. (2.8) generate contri-
bution to the anomalous magnetic moment of the muon, aµ. Using the results of [61] it is
straightforward to see that
∆aµ =
GFm
2
µ√
2 8pi2
∆µ [F (rNW)− F (0)] , (3.9)
where ∆µ = ∆r=2 is defined in eq. (3.7) and
F (w) =
∫ 1
0
dx
2x2(1 + x) + x(1− x)(2− x)w − x2(x− 1)k
kx2 + (1− k)x+ (1− x)w ; k =
(
mµ
mW
)2
,
'
∫ 1
0
dx
2x2(1 + x) + x(1− x)(2− x)w
x+ (1− x)w , (3.10)
so that
F (w)− F (0) ' 10− 33w + 45w
2 − 4w3
6(1− w)3 +
3w3 lnw
(1− w)4 −
5
3
, (3.11)
and this ranges from 0 when w = 0 to −1 when w →∞. Then
|∆aµ| ≤
GFm
2
µ√
2 8pi2
∆µ = 1.17× 10−9∆µ . (3.12)
The constraints derived form W -mediated decays require ∆µ . 10−2 (see Fig. 3) so |∆aµ| .
10−11, while the current error [60] is (±5.4± 3.3)× 10−10. The anomalous magnetic moment
limits do not produce a competitive bound now, but may do so with the upgraded Fermilab
experiment [62]5.
5It does not explain either the new anomaly in the magnetic moment of the electron [63] since that will be
suppressed by a factor (me/mµ)
2 with respect to the (g − 2)µ.
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nL
Ψ¯ n¯L
ΨΨ
VΨ¯
Ψ
V
Φ
Figure 4. Diagrams giving the leading contributions to the relic abundance cross sections.
4 Relic abundance.
As the universe expands there will come a time when the Ψ± will cease to be in chemical
equilibrium with the SM or with the dark photon sea. Still, we expect the interactions
between Ψ+ and Ψ− will keep them in equilibrium with each other and, since they have
(approximately) equal mass and couplings with V , they will have the same relic abundance;
in the following we denote by nΨ the total DM number density, adding the contributions from
the Ψ+ and Ψ−.
The processes that determine the relic abundance are (see Fig. 4) then ΨΨ¯→ nLn¯L and
ΨΨ¯→ V V , for which the cross sections are
σΨΨ→nn =
(
zS2zT )2
64pisβΨ
[
1 + 2y(1 + y)− β2Ψ
(1 + y)2 − β2Ψ
+
y
βΨ
ln
(
1− βΨ + y
1 + βΨ − y
)]
,
σΨΨ→VV =
g4
8pis
βV
βΨ
[
sm2Ψ + 4(m
4
V − 2m2Vm2Ψ − 2m4Ψ)
sm2Ψ +m
2
V(m
2
V − 4m2Ψ)
+
4(m2V +m
2
Ψ)
sβVβΨ
ln
∣∣∣∣1 + β2V + 2βΨβV1 + β2V − 2βΨβV
∣∣∣∣] ,
(4.1)
where
y =
2(m2Φ −m2Ψ)
s
; βΨ =
√
1− 4m
2
Ψ
s
; βV =
√
1− 4m
2
V
s
. (4.2)
Since we are considering DM masses smaller than those for the Z and H, there will be
no resonant contributions to the relic abundance calculations, and the usual approximations
[64] can be reliably used. After a straightforward calculation we find
〈v σΨΨ→nn〉 '
(
zS2zT )2
32pi(rΨΦ + 1)2m2Ψ
,
〈v σΨΨ→VV〉 ' g
4
16pim2Ψ
, (4.3)
where we summed over all final neutrino states and took mΨ  mV (cf. eq. (2.16)); since
there is no temperature dependence to lowest order, these are s-wave reactions.
We follow the usual prescription for abundance calculation via the Boltzmann Equation:
dnΨ
dt
+ 3HnΨ = −σ0
[
n2Ψ −
(
n
(eq)
Ψ
)2]
, (4.4)
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where
σ0 =
1
2
〈v σΨΨ→nn〉+ 1
4
〈v σΨΨ→VV〉 =
g4 +
[
zS2zT /(rΨΦ + 1)
]2
64pim2Ψ
. (4.5)
Using the standard freeze-out approximation [64], the relic abundance ΩΨ is given by:
ΩΨh
2 =
1.07× 109
GeV
xf
g?sξ
; ξ =
MPlσ0√
g?
(4.6)
where MPl denotes the Planck mass, g?s, g? denote, respectively, the relativistic degrees of
freedom associated with the entropy and energy density 6 (for our case they are the same),
and
xf =
mΨ
Tf
= ln (0.076mΨξ)− 1
2
ln [ln (0.076mΨξ)] , (4.7)
with Tf the freeze-out temperature. This expression for ΩΨ can now be compared to the
result inferred from CMB data obtained by the Planck experiment [66, 67]:
ΩPlanckh
2 = 0.12± 0.003 (3σ). (4.8)
Note, in particular, that a sufficiently large value of the dark-photon coupling g will lead to
DM under-abundance.
5 Direct Detection
In the model under consideration the DM-nucleon scattering cross section responsible for a
direct detection signal is generated by (t-channel) Z and H exchanges associated with the
loop-induced couplings listed in Sect. 2.1. Since the momentum transfer is much smaller than
mZ and mH we can approximate the relevant interaction by
Lnucleon−DM =
√
2GF
[
Ψ¯γµ (LPL + RPR) Ψ
] (
p¯J µp p + n¯J µn n
)
+GHΨ¯Ψ (p¯p + n¯n) , (5.1)
where p, n denote, respectively, the proton and neutron fields and 7 [71]
J µp =
1
2
[(
1− 4s2W
)
γµ + gA
(
γµ − 2mN q
µ
m2pi + q
2
)
γ5
]
,
J µn = −
1
2
[
γµ + gA
(
γµ − 2mN q
µ
m2pi + q
2
)
γ5
]
, (5.2)
with mN , mpi the nucleon and pion masses, q the momentum transfer, gA ' −1.2723 the
axial nucleon coupling [60], and [72]
GH = −0.011H
m2H
. (5.3)
6For our numerical calculations we use the expression of g? in [65], not the one from [64].
7In the expressions for J µp,n we did not include a term ∝ ∆sγµγ5 since the current experimental values for
∆s [68–70] are consistent with zero.
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All isospin breaking effects in the Higgs-mediated interactions were ignored.
In the non-relativistic limit this becomes
1
mΨmN
Lnucleon−DM|NR =4GH1Ψ 1N +
√
2GF(R + L)
{[−2s2W + (1− 2s2W)]τ3]1Ψ 1N
+ τ3
[
sΨ.sN − 4(q.sΨ)(q.sN )
m2pi + q
2
](
R − L
R + L
)
gA
}
, (5.4)
where τ3 → 1 for p and τ3 → −1 for n, sΨ,N denote the spin operators for the DM and the
nucleons. Using the notation and procedure described in [73, 74] (see also [75]) we find that
the DM-nucleus cross section, which we denote by σA is given by
σA =
(mA/mN )2
16pi(mA +mΨ)2
{
κ2
[
(1 + b)2F
(p,p)
M + (1− b)2F (n,n)M + 2(1− b2)F (p,n)M
]
+
K
2(Q2 − 2Q+ 3)
12
[
F
(p,p)
Σ′′ + F
(n,n)
Σ′′ − 2F (p,n)Σ′′ + 2
(
F
(p,p)
Σ′ + F
(n,n)
Σ′ − 2F (p,n)Σ′
)]}
, (5.5)
where A is the atomic number, mA ' AmN the nuclear mass, and
κ =
√
2GFmΨmN
[
2(L + R)s
2
W − 2
√
2
GH
GF
]
, Q =
4|q|2
|q|2 +m2pi
,
K =
GF(R − L)mΨmN√
2
gA , b =
1− 2s2W√
8GH/[(L + R)GF]− 2s2W
. (5.6)
The DM-nucleon cross section is then defined [73, 76] as
σN =
(
mN
mA
)2(mΨ +mA
mΨ +mN
)2 1
A2σA . (5.7)
If there are several isotopes, labeled by I, with abundances αI , then F
(N,N ′)
X → IF (N,N
′)
X
and
1
A2F
(N,N ′)
X →
∑
I
αI
A2I
IF
(N,N ′)
X = f
(N,N ′)
X ; (5.8)
so, defining
f1 =f
(p,p)
M + f
(n,n)
M + 2f
(p,n)
M ,
f2 =f
(p,p)
M − f (n,n)M ,
f3 =f
(p,p)
M + f
(n,n)
M − 2f (p,n)M ,
f4 =
(
f
(p,p)
Σ′′ + f
(n,n)
Σ′′ − 2f (p,n)Σ′′
)
+
(
f
(p,p)
Σ′ + f
(n,n)
Σ′ − 2f (p,n)Σ′
)
, (5.9)
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the expression for the DM-nucleon cross section takes the relatively simple form
σN =
1
16pi2(mN +mΨ)2
[(
f1 + 2bf2 + b
2f3
)
κ2 +
K
2(Q2 − 2Q+ 3)
12
f4
]
. (5.10)
It is worth noting that the term ∝ κ2 is the spin-independent contribution, while that ∝ K2
is the spin-dependent one. The expected suppression of the latter with respect to the former
follows from f4  f1. In the calculations we use the expressions for the IF (N,N
′)
X provided in
[73] for Xe and Ge, and in [77] 8 for CaWO4:
element f1 f2 f3 f4 × 104
Xe 0.995256− 6.98794q2 −0.177925 + 1.39348q2 0.031717− 0.314739q2 0.142261− 1.22925q2
Ge 0.990137− 6.97097q2 −0.124142 + 0.960981q2 0.0161359− 0.115939q2 0.156404− 1.61629q2
CaWO4 0.0624983− 0.447775q2 0 0 0
(5.11)
and we took |q| = mΨ × 300km/s.
We note that the dependence of σN onmΨ is simple and contained in the factor [mΨ/(mΨ+
mN )]2, it also has a more complicated dependence on mΦ, mN through the parameters L,R,H .
In the numerical results below we used the experimental constraints on the direct detec-
tion cross section published by Xenon1T [78], PandaX [79], CDMS [80] and CRESST [81]
for the range 0.36 GeV ≤ mΨ ≤ 10 GeV; in cases where the mass ranges of two experiments
overlap we take the strictest limit. Specifically, we used:
Experiment mΨ range (GeV)
Xenon1T (6.06, 10.0)
PandaX (4.12, 6.06)
CDMS (1.61, 4.12)
CRESST (0.36, 1.61)
(5.12)
as illustrated in Fig. 6.
6 Numerical Results
The model being considered has in total 14 free parameters: mΨ, µ, mΦ, mN, λx, S and z (we
assumed mV and g are fixed by eqs. (2.16) and (2.17)). We will for simplicity assume that z
is real since all the observables we consider depend only on the magnitudes zi, this reduces
the number of parameters to 10. In this section we consider the region in parameter space
0.5GeV ≤ mΨ ≤ 10GeV , µ = mΨ
20
,
min{1.1mΨ, mΨ + 2GeV} ≤ mΦ < 500GeV ,
min{1.1mΨ, mΨ + 2GeV} ≤ mN ≤ 1.5TeV ,
|λx| ≤ pi , |Si| < 1 , |zi|2 ≤ 10 (i = 1, 2, 3); (6.1)
8Note that there is a normalization factor of pi difference between the conventions of [73] and [77]; for
example F
(p,p)
M in [73] equals pi ×
[
W
(0,0)
M + 2W
(0,1)
M +W
(1,1)
M
]
in [77].
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and determine the sub-region allowed by the various constraints listed above. This is fre-
quently carried out by reducing the number of free parameters (e.g. fixing the S and taking
all the zi equal [33]) and then doing a uniform scan in the reduced space. Here we follow a
different route: we do not adopt any simplifying relations between the parameters (except
µ), and concentrate on finding the boundary of the allowed sub-region; this then becomes a
non-linear optimization problem that can be treated using standard techniques [82]. In our
calculations we use a publicly-available non-linear programming package NLOPT [83].
(a) (b)
(c) (d)
Figure 5. Projections of the allowed parameter region, (a) in the mΨ −mΦ plane, (b) the λx −mΦ
plane, (c) the mΨ − 〈z〉 plane (where 〈z〉 = |z|/
√
3), and (d) the mΨ − 〈mix〉 plane, where 〈mix〉 is
defined in eq. (6.2). The unevenness in the curves are due to numerical inaccuracies.
We define
〈mix〉 =
∑
|zi|2S2i , 〈z〉 = |z|/
√
3 , (6.2)
as measures of the mixing strength and Yukawa coupling of the mediators, and then obtain the
projections of the allowed sub-region in the mΨ−mΦ, mΨ−λx, mΨ−〈z〉 and the mΨ−〈mix〉
planes. The results are presented in Figs. 5 (a) − (d) respectively. In the mΨ − mN plane
the constraints allow the full area indicated in eq. (6.1); that is, for each point in this area
there are values of the other parameters for which all constraints are satisfied (in general
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these values change for each choice of mΨ and mN). The features in figures (b), (c), (d) at
mΨ ∼ 4 GeV and mΨ ∼ 6 GeV are due to the changes in the constraints of the direct-detection
cross section (cf. eq. (5.12)).
Figure 6. Experimental limits on the direct detection cross section σ. The upper curves are obtained,
from left to right, from the CRESST, CDMS, PandaX and Xenon1T experiments, and the expected
sensitivity limit for the superCDMS experiment [84]; the coherent neutrino scattering regions are
calculated for Xe (left) and Ge (right). For illustration we also include the cross sections corresponding
to a selection of points on the boundary of the allowed region of parameter space, on the upper and
lower boundaries of Fig. 5(a) (green points), of Fig. 5(c) (red points), and of Fig. 5(d) (blue points).
In Fig. 6 we plot the values of the direct-detection cross sections for a selection of points
on or close to the boundary of the allowed region of parameter space. The points are chosen
only to illustrate that there is a region of parameter space within the sensitivity reach of
SuperCDMS [84], but that this experiment cannot exclude the model; it is also worth not-
ing that a (different) region of parameter space will correspond to cross sections above the
coherent neutrino scattering ‘floor’. Both these regions are significant in size: restricting the
model to either (or both) would not require fine tuning.
7 Conclusions
In this paper, we have considered an extension of the neutrino-portal DM scenario, introducing
strong interactions to the dark sector via a U(1)dark local symmetry with its corresponding
vector boson V . The dark sector consists of a scalar Φ, the dark photon V , and two almost
degenerate fermions Ψ±, of opposite U(1)dark charges and which constitute the DM relics.
We have also imposed a (softly broken) Z2 dark-charge symmetry that strongly suppresses V
mixings with the SM photon and Z, but still allows for the V to decay into neutrinos with
a sufficiently short lifetime, as required by phenomenology; this imposes mild constraints on
the soft breaking parameter. These modifications to the model preserve the naturally small
– 16 –
direct and indirect detection cross sections and the relatively large annihilation cross-sections
without fine-tuning.
The core vs. cusp data in galaxies and clusters place a limit on the DM self-interaction
cross sections, from which we derive limits on the strong interaction coupling and the mass
of the V boson. The presence of oppositely charged DM components opens the possibility
that bound states are formed; if this occurs, and the formation of rate such bound states is
sufficiently high the core vs. cusp problem would reappear as the interactions between the
bound states will be weak (akin to the Van der Waals interactions). In this paper we took a
conservative approach and simply required that the potential generated by the V should not
lead to [Ψ+Ψ−] bound states by assuming that these particles are sufficiently light, accordingly
we have chosen mΨ . O(10 GeV) in our numerical calculations; we will return to the issue of
bound state formation in a future publication.
The relic density constraint also imposes strong restrictions on the model. Specifically, a
large dark photon coupling g leads (cf. eq. (4.5)) to under-production of DM, so the upper
allowed values (see eqs. (2.16) and (2.17)) for this coupling are generally problematic. A more
precise determination of the DM cross section as a function of velocity will provide a strict
test of the viability of this model. In addition, Z and W data, impose important restrictions
on the mixing angles S and Yukawa couplings z.
Other constraints on the model are milder. For example, the DM-nucleon cross section
is naturally suppressed in this model (it is a one-loop effect), so that the direct-detection
limits provide less significant in restrictions than in other models. We have not included
constraints derived from neutrino oscillations because they are not precise enough to provide
significant limits. The same applies to existing limits derived from the measurement of the
muon anomalous magnetic moment, in this case, however, an improvement by one order of
magnitude in the experimental sensitivity would provide useful constraints on this model.
As with the original model [33], the most distinct detection signature would come from
the annihilation of Ψ’s into neutrinos, producing a monochromatic neutrino line from both
the sun and the galactic halo; unfortunately, current detection experiments have insufficient
sensitivity to detect such a signal.
Also of interest are the allowed values of the mass of the dark scalars, mΨ < mΦ .
300 GeV (Fig. 5 (a)). The existence of this particle can be probed in principle by accu-
rate measurements of the cosmological or astrophysical neutrino flux, since it will exhibit a
resonance at neutrino energy E
(res)
ν = (m2Φ − m2Ψ)/(2mΨ) in the scattering of high-energy
neutrinos off the ambient DM. Numerically, E
(res)
ν ∼ 3.7 TeV (roughly independent of mΨ)
for the maximum allowed values of mΦ (upper boundary in the figure). Observation of this
effect is challenging because the atmospheric neutrino flux is much larger at these energies.
The presence of a dark photon generates a significant change from the previous model
[33]. The dark photons are long-lived and will decay into neutrinos; possible effects of these
decays will be explored in a future publication.
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